Cancer is a leading cause of death throughout the world, and cancer therapy remains a big medical challenge in terms of both its therapeutic efficacy and safety. Therefore, to find out a safe anticancer drug has been long goal for oncologist and medical scientists. Among clinically used medicines with no or little toxicity, fenofibrate is a drug of the fibrate class that plays an important role in lowering the levels of serum cholesterol and triglycerides while elevating the levels of high-density lipoproteins. Recently, several studies have implied that fenofibrate may exert anticancer effects via a variety of pathways involved in apoptosis, cell-cycle arrest, invasion, and migration. Given the great potential that fenofibrate may have anticancer effects, this review was to investigate all published works which directly or indirectly support the anticancer activity of fenofibrate. These studies provide evidence that fenofibrate exerted antitumor effects in several human cancer cell lines, such as breast, liver, glioma, prostate, pancreas, and lung cancer cell lines. Among these studies some have further confirmed the possibility and efficacy of fenofibrate anticancer in xenograft mouse models. In the last part of this review, we also discuss the potential mechanisms of action of fenofibrate based on the available information. Overall, we may repurpose fenofibrate as an anticancer drug in cancer treatment, which urgently need further and comprehensively investigated.
Introduction
Since its clinical introduction as a thirdgeneration fibrate in 1975, fenofibrate has been widely used in the treatment of hypercholesterolemia and hyperlipidemia [1, 2] . The lipid-lowering effect of fenofibrate is believed to be mediated through its stimulation of peroxisome proliferator-activated receptor α (PPARα) [3] [4] [5] . In addition to its lipid-lowering function, fenofibrate exerts also pleiotropic effects. For instance, fenofibrate was found to not only slow the progression of diabetic retinopathy and other microvascular complications in patients with type 2 diabetes [6] [7] [8] , but also protect against retinopathy, nephropathy, and cardiac pathological changes in type 1 diabetes [9] [10] [11] . Fenofibrate was established to afford myocardial protecttion through its direct effects on the cardiovascular system [12, 13] . Most recently, PPARα-specific agonists were reported to have anticancer effects in a large number of human cancer types, such as acute myeloid leukemia [14, 15] , chronic lymphocytic leukemia [16] , and solid tumors, including those of the liver [17] , ovary [18] , breast, skin, and lungs [19] . Furthermore, fenofibrate inhibited the proliferation of cell lines derived from breast and oral tumors, melanoma, lung carcinoma, glioblastoma, and fibrosarcoma in mouse models [19] [20] [21] . Therefore, this review mainly focuses on some recent developments in the anticancer actions of fenofibrate. 
Pharmacology of fenofibrate
Fenofibrate is 2-4[(4-chlorobenzoyl) phenoxy]-2-methylpropanoic acid, 1-methylethyl ester (Fig. 1) . Following oral administration, it is rapidly hydrolyzed by esterases in the liver and intestinal wall to its active metabolite, fenofibric acid [22] . The lipid-lowering effects of fenofibrate are mediated by the activation of PPARα [3] [4] [5] , one of the three isoforms of peroxisome proliferator-activated receptors (PPARs). PPARs belong to a nuclear hormone receptor superfamily, whose functional domains include a DNA-binding domain (DBD) and a ligand-binding domain (LBD) [23, 24] . During the process of binding to the respective ligand, PPARα forms a heterodimer with a retinoid X receptor (RXR), another nuclear receptor and interacts with a peroxisome proliferator response element (PPRE), located in the promoter of the target genes through the DBD. This leads to the activation of target gene transcription, including that of lipid metabolism regulation genes [25, 26] .
Fenofibrate can inhibit triglyceride (TG) synthesis through reducing the availability of free fatty acids by promoting β-oxidation [27] . Fenofibrate can decrease the activities of acetyl-CoA carboxylase and fatty acid synthase and thus inhibits the de novo fatty acid synthesis [28] . Moreover, fenofibrate increased the potential for elimination of atherogenic TG-rich lipoproteins from the plasma and lipolysis through the activation of apolipoprotein (Apo) AV and lipoprotein lipase, and the reduced production of the lipoprotein lipase inhibitor ApoCIII [29, 30] . Fenofibrate also stimulates the synthesis of high-density lipoprotein (HDL), ApoAI, and ApoAII, and decreases the production of very-low-density lipoprotein (VLDL) and ApoB, while enhancing the expression of adenosine triphosphate-binding cassette transporter A1 and scavenger receptor-B1, leading to HDL-mediated cholesterol efflux from macrophages [27, 28, [31] [32] [33] (Fig. 2 ).
Anticancer activity: in vitro studies
Fenofibrate is widely used in clinical practice as a lipid-lowering agent, but increasing evidence reveals its potential as an anti-cancer drug. Hence, we first provide a summary of the available information predominantly based on in vitro studies, brief overview of which is presented in Table 1 . 
Breast cancer
Breast cancer is the most common malignant cancer in women worldwide. Fenofibrate was found to inhibit the proliferation of breast cancer MDA-MB-231 cell lines by inducing apoptosis and cell-cycle arrest [20] . Fenofibrate increased the expression of Bad, but decreased that of Bcl-xL and Survivin, and activated caspase-3. Fenofibrate also induced cell-cycle arrest at the G0/G1 phase by upregulation of p21, p27/Kip1 and downregulation of cyclin D1 and Cdk4. These effects were not abolished by GW6471 (a PPARα specific inhibitor), suggesting that the induction of breast cancer apoptosis by fenofibrate is independent of PPARα.
In MCF-7 breast adenocarcinoma cells, fenofibrate inhibited the expression of semaphorin 6B protein [34] . Semaphorins are a family of highly conserved transmembrane and secreted proteins that were initially identified as axon guidance and development elements of the nervous system [35] . Recent studies showed that the semaphorin family contains eight classes of members with a wide range of functions, including tumor invasion and metastasis [36] ; for example, class 6 semaphorin B (sema 6B) can increase tumor progression capacity [37] . Therefore, fenofibrate may not only induce breast cancer cell death, but also inhibit its progression and metastasis.
Liver cancer
Fenofibrate has been established to decrease the viability of human Hepatocellular carcinoma HepG2 cells partly by necrotic cell death, but not apoptosis [38] . However, the cell death can be partially prevented by vitamin E, which suggests that the oxidative stress plays an important role in this event. Indeed, in a previous study, fenofibrate increased the levels of reactive oxygen species (ROS) and intracellular calcium, but decreased that of glutathione (GSH, an important cellular antioxidant) and impaired the mitochondrial function in HepG2 cells. The levels of PPARα mRNA were elevated after the treatment with fenofibrate, but whether the increase in the amount applied is related to cell viability inhibition was not elucidated in this investigation.
Besides the induction of necrotic cell death, fenofibrate can also lead to cell-cycle arrest in liver cancer cells. Daisuke et al. revealed that fenofibrate induced G1 and G2/M arrest in Huh7 cells through downregulation of cyclin A, cyclin B, CDK1, and E2F, accompanied with upregulation of p27. Furthermore, fenofibrate activated endogenous PPARα in Huh7, HepG2, and Li7 cell lines, but the antiproliferative activity induced by fenofibrate was not affected by the PPARα inhibitor GW6471 or the knock-down of the expression of PPARα by siRNA. Moreover, LY294002, a PI3K inhibitor, markedly inhibited the growth of Huh7 cells, and fenofibrate suppressed AKT phosphorylation. Fenofibrate also increased the expression of C-terminal modulator protein (CTMP), which binds specifically to AKT, and reduced AKT phosphorylation.
Taken together, fenofibrate inhibited cell proliferation in a PPARα-independent manner, through inhibition of AKT phosphorylation by upregulation of CTMP [39] .
Some studies identified fenofibrate as a liver tumor promoter in rodents. However, whether fenofibrate increases the risk of liver cancer in humans remains controversial [40] . Therefore, it is important to understand the different mechanisms functioning in different species to properly evaluate the health risk of fenofibrate treatment. First, the gene expression levels of PPARs are different between rodents and humans. PPAR was observed to be much more abundant in the rodent liver than in the human. The levels of PPAR in humans may be sufficient only to lower lipid levels, but not high enough to activate the transcriptional activities of adverse effect-related genes observed in rodents, such as liver enlargement and liver cancer [41] . Second, the same PPARα-target genes have modulation patterns that differ between humans and rodents. For example, the treatment of rats with fenofibrate decreased their ApoAI expression at both the mRNA and protein levels [42] , whereas such treatment increased the transcription of ApoAI in humans [43] . Third, most experiments have explored in vitro the biochemical differences among hepatocytes of various species, rather than by studies of the mechanisms of action of the drug in animal models [44] .
Glioma
Glioblastoma is the most frequent type of high-grade glioma (HGG). It is noteworthy that the combined treatment of this cancer by surgery, radiation, and temozolomide therapy can initially improve the survival rates, but tumor recurrence and death may eventually occur afterwards [45] . Therefore, there is an urgent need to discover a new treatment for glioma.
In an earlier investigation, fenofibrate significantly inhibited cell proliferation and induced apoptosis in human HGG cell lines, including p53 wild-type (U87 and U343) and p53 mutant (U251 and T98) cells. GW6471 did not reverse the suppression of proliferation or the pro-apoptosis caused by fenofibrate, which is consistent with PPARα-independent anticancer effects discussed earlier.
Several signaling pathways were involved in the fenofibrate cytotoxic effect in HGG cells, including a decrease in NF-κB levels and phosphorylation of Akt and cyclin D1. Fenofibrate can also affect apoptotic signaling molecules by upregulation of Bax and downregulation of Bcl-xL. Furthermore, the drug obviously reduced glioma stem cells (GSC) invasion probably through decreasing the expression of CD133 (classical stem-cell markers) and Oct4GSC (associated with a poor prognosis in GSC) [46] .
Besides the canonical pathway, fenofibrate can also inhibit cell growth through its impact on Fork-head box (Fox) family. FOX is a family of transcription factors that plays important roles in the regulation of the expression of genes involved in cell growth, proliferation, differentiation, and longevity. Han et al. found that fenofibrate induced cell-cycle arrest in U87MG cells at the G0/G1 phase, which was mediated by the FoxO1-p27 kip signaling pathway. Moreover, pretreating U87MG cells with PPARα siRNA significantly rescued fenofibrate-induced cell-cycle arrest, suggesting that G0/G1 arrest by fenofibrate operates via a PPARα-dependent mechanism [47] .
FoxO3A is another member of the Fox family that is involved in tumor cell apoptosis in glioblastoma. The treatment with 50 μM fenofibrate induced considerable increase in the levels of apoptosis in the human glioblastoma cell line LN-229, and the apoptotic event was associated with FoxO3A nuclear accumulation. Phosphorylated FoxO3A increased the transcriptional activity and expression of Bim, a FoxO-dependent apoptotic protein.
Interestingly, fenofibrate-induced apoptosis was attenuated by siRNA-mediated inhibition of FoxO3A, indicating a direct effect of fenofibrate on glioblastoma cell growth [48] .
Energetic metabolism and mitochondrial function also play important roles in anti-tumor effect of fenofibrate. Fenofibrate directly inhibited the mitochondrial respiration in human glioblastoma LN-229 cell lines, which was not reversed by PPARα siRNA and GW6471. This mitochondrial action switched the metabolism from glycolysis to fatty acid β-oxidation. The subsequent decrease of intracellular ATP activated AMPK and inhibited mTOR activity, resulting in fenofibrate-induced glioblastoma cytotoxicity [49] . Han et al. also found that fenofibrate suppressed glycolysis in U87 and U251 glioblastoma cells, and fenofibrate-treated cells in the presence of GW9662 (a synthetic PPARγ inhibitor, also blocks PPARα at higher concentrations) reversed the inhibition of glycolysis, indicating that the effect of fenofibrate on glioblastoma cell glycolysis is PPARα dependent. Furthermore, they proved that fenofibrate inhibited the transcriptional activity of NF-κB/RelA and disrupted the association of RelA and HIF1α, leading to the decreased PKM2 expression and mitochondrial impairment [50] . In addition, there was another study showed that fenofibrate inhibited glioma cell motility by ROS accumulating through disturbed mitochondrial potential, and NAC could rescue the cell motility [51] .
Prostate cancer
Prostate cancer is one of the most widespread cancer types, which is the second leading cause of cancer-related deaths among men in the developed countries [52] . Androgens, such as testosterone and dihydrotestosterone, play an important role in normal prostate development and maintenance, and stimulate the proliferation and progression of prostate cancer cells [53] . Low concentrations of fenofibrate induced cell-cycle arrest and apoptosis in the androgen-dependent prostate cancer cell line LNCaP, but high concentrations were needed for the induction of cell death of the androgen-independent prostate cell line PC-3, suggesting that the androgen receptor (AR) played an important role in fenofibrate-induced apoptosis and G1 arrest [54] . Fenofibrate induced cell-cycle arrest at the G1 phase mediated by downregulation of the protein levels of cyclins D1 and E2F1 in LNCaP cell lines. Meanwhile, fenofibrate induced apoptosis through decreasing Bcl-2 protein expression and increasing that of Bax. Furthermore, fenofibrate reduced the expression levels of AR and AR target genes (prostate-specific antigen and TMPRSS2) by suppression of Akt phosphorylation. Certain amounts of ROS are involved in the maintenance of the intracellular homeostasis, but extra ROS production can induce cell death. Fenofibrate also exerted apoptosis properties by causing oxidative stress. The drug enhanced the intracellular ROS levels accompanied with a decrease in the activities of superoxide dismutase (SOD) and malondialdehyde (MDA), whereas the pretreatment with nacetylcysteine (NAC) significantly attenuated the increase in apoptosis caused by fenofibrate in LNCaP cells.
As is known, cancer cell morphology and motility can be used to evaluate cancer invasion. Fenofibrate has been found to inhibit the invasive potential of prostate cancer cell lines. For example, Wybieralska et al. investigated the effects of fenofibrate on the invasive ability of the DU-145 cell line (androgen-independent prostate cell line) in the context of gap junctional intercellular coupling [55] . They found that the treatment with fenofibrate changed the morphology of DU-145 cells, making them long and thin. This effect was involved in the suppression of 'contact-stimulated' cell motility. Meanwhile, the effect of fenofibrate on DU-145 cell motility was PPARα-independent, because GW9662, which effectively inhibits both PPARγ and PPARα, did not restore the motility of DU-145 cells suppressed by fenofibrate. Furthermore, fenofibrate increased the ROS accumulation in DU-145 cells, whereas NAC partially restored cell motility and gap junctional coupling in fenofibrate-treated DU-145 cell [56] .
The research group of Wybieralska further explored the interference of fenofibrate with prostate cancer metastasis by monitoring of the events accompanying the penetration of endothelial continuum by DU-145 cells. They set up a model of DU-145 cells co-cultured with human umbilical vein endothelial cells (HUVEC), which imitates the interface between circulating cancer cells and endothelium. Under normal conditions, DU-145 cells efficiently penetrated the endothelial layer, but the treatment with 25 µM fenofibrate significantly delayed the transendothelial penetration of DU-145 cells through enhancement of the endothelial barrier function, which was correlated with the inhibitory effect on DU-145-induced HUVEC motility. This influence was partly mediated in a PPARα-dependent manner, because GW9662 attenuated fenofibrateinduced cytoskeleton reorganization, but failed to restore the HUVEC motility in the co-cultures with DU-145 cells. Moreover, fenofibrate promoted intracellular ROS accumulation, and NAC attenuated fenofibrate-induced cytoskeletal rearrangements and significantly restored HUVEC motility, suggesting a ROS-dependent manner in the HUVEC responses to fenofibrate. Therefore, fenofibrate improved the endothelial barrier function by disturbing the endothelial cell adhesion and impairment of motile activity, decreased the efficiency of prostate cancer cell diapedesis, and was probably involved in the prostate cancer metastatic cascade [57] .
Other cancer types
Endometrial cancer is the most common gynecologic malignancy globally that accounts for 97% of all uterine cancers [58] . Cathrine et al. showed for the first time that fenofibrate inhibited the growth of Ishikawa endometrial cancer cells in vitro, through downregulation of cyclin D1 (CCND1), which was associated with the upregulation of p8, p21, GADD45A, GADD45B, and TP53 [59] [60] .
Oral squamous cell carcinoma (OSCC) is the most common head-and-neck cancer with poor prognosis because of uncontrolled tumor progression. Fenofibrate inhibits the invasion and migration of human oral cancer CAL 27 cells [61] . In this in vitro study, they found that fenofibrate reduced MMPS protein expression and suppressed the enzyme activities as established by gelatin zymography assay. Fenofibrate downregulated p-IKKa/b, p-IκBa, and nuclear NFκB (p65 and p50), which are involved in the NF-κB pathway, and upregulated AMPK-related proteins, such as LKB1, p-AMPKα, p-AMPKβ1, and AMPKγ1. Furthermore, compound C (an AMPK inhibitor) or a dominant negative AMPK mutant (DN-AMPKα) obviously attenuated the anti-invasive effect of fenofibrate. Meanwhile, fenofibrate did not stimulate the expression of the nuclear fraction of PPARα and significantly altered the trafficking of PPARα into nuclei. These results suggested that the inhibition of fenofibrate in CAL 27 cells was realized by the NF-κB signaling pathway, mediated through AMPK signaling but not PPARα. Furthermore, activation of AMPK has been reported to regulate the mechanistic targeting of the rapamycin complex 1 (mTORC1) pathway through TSC1/TSC2, which may be linked to the induction of a progressive metabolic reprogramming, thus leading to the promotion of cancer cell death [62] . Therefore, these authors continued to explore whether fenofibrate suppresses the development of oral tumors by mediation of metabolic changes through regulation of the Warburg effect and/or downregulation of mTOR activity through activation of AMPK signaling [63] . They found that fenofibrate induced cytotoxicity in SAS oral cancer cells, which was caused by decreasing the mitochondrial respiration rate (OCR/ECAR) and reducing the ATP content. Meanwhile, fenofibrate decreased the protein expression levels of hexokinase II (HK II) and voltage-dependent anion channel (VDAC), and increased those of pyruvate kinase and pyruvate dehydrogenase, which are associated with the Warburg effect. Moreover, fenofibrate suppressed mTOR activity by activating AMPK signaling and inactivating Akt signaling in a TSC1/2-dependent pathway. Additionally, fenofibrate modulated mTOR activity through direct suppression of raptor, a TSC1/2-independent pathway.
Lung cancer is the leading cause of cancer-related deaths in North America. Fenofibrate inhibited cell proliferation in both TP53 wild-type A549 lung cancer cells and TP53-deficient SKMES-1 lung cancer cells. Fenofibrate induced G1 cell-cycle arrest accompanied by upregulation of cyclin D1 and E and downregulation of cyclin A and B1. The suppression of NF-κB activity and ERK signaling may have contributed to the inhibition of cell proliferation by fenofibrate. The treatment with GW6471 failed to reverse the antiproliferative effects exerted by fenofibrate in A549 and SK-MES-1 cells. These results indicated that the inhibition of cell proliferation induced by fenofibrate is independent of the PPARα receptor [64] .
Multiple myeloma (MM) is a hematological malignancy and is primarily treated with chemotherapy, but most MM patients suffered relapse [65, 66] . Schmeel et al. found that fenofibrate reduced cell viability of several MM cell lines and other lymphoma cell lines by apoptosis [67] .
Mantle cell lymphoma (MCL) is a type of aggressive B-cell non-Hodgkin's lymphoma, which is characterized by continual resistance to conventional chemotherapy. Fenofibrate can suppress the viability of MCL cells by apoptosis through increasing the levels of cleaved caspase 3 and poly (ADP-ribose) polymerase, and decreasing those of BCL2L1 and BCL2A1, which are members of the BCL-2 family associated with impairment of mitochondrial membrane potential. Furthermore, TNF-α and NF-κB were also downregulated by fenofibrate. To conclude, fenofibrate induced apoptosis in MCL cells, and the associated mechanism might be through inhibition of the TNF-α/NF-κB pathway axis, but the fenofibrate-mediated inhibition of cell growth was not significantly affected by GW6471 [68] .
Neuroblastoma (NB) is one of the most common extracranial solid tumors in children, with no effective treatment available for metastatic NB [69] . In related examinations, fenofibrate inhibited the proliferation and migration of NB cells, SH-SY5Y and IMR-32; induced cell apoptosis through upregulation of Bax, downregulation of Bcl-2, and activation of caspase-3. Thioredoxin-binding protein (TXNIP) is able to bind to and inhibit the thioredoxin activity of scavenging ROS, and TXNIP was involved in many solid tumors, such as gastric, breast, and bladder cancers [70, 71] . Fenofibrate induced TXNIP expression, resulting in the increase in intracellular ROS; the inhibition of TXNIP expression alleviated the antitumor effects of fenofibrate, but the suppression of PPARα expression did not affect the inhibitory influence on NB cell growth induced by fenofibrate. These results indicated that the antiproliferative and antimigratory effects of fenofibrate on NB cells were dependent on the upregulation of TXNIP, but were independent of PPARα [72] .
Hu et al. exposited whether fenofibrate suppressed the proliferation of pancreatic cancer cells, PANC-1 and SW1990 cell lines, and using Long noncoding RNA (LncRNA) microarray analysis, they found that the human maternally expressed gene 3 (MEG3) expression obviously increased after fenofibrate treatment. LncRNAs are classically defined as RNA transcripts with a length greater than 200 nucleotides that have no or limited protein coding ability [73] . Aberrant expression of lncRNAs was reportedly involved in the development of conditions, such as cardiovascular diseases [74] , neurodegenerative disorders [75] , diabetes, and obesity [76] , as well as cancer biology. MEG3 is a member of LncRNA which is expressed in many normal tissues, but its expression is lost in some human tumors [77] . In the study of Hu et al., the knockdown of MEG3 by siRNA attenuated the cytotoxicity induced by fenofibrate and the transfectious overexpression of MEG3 through induced cell death and increased p53 expression. The results indicated that fenofibrate inhibited pancreatic cancer cells proliferation via activation of p53 mediated by upregulation of MEG3 [78] .
Melanin is synthesized by melanocytes and acts as a main regulator of pigmentation [79] . In an earlier investigation, fenofibrate inhibited the melanogenesis in B16-F10 melanoma cells through decreasing the intracellular tyrosinase activity, which was confirmed by the DOPA-staining activity; reducing the expression of melanocortin 1 receptor (MC1R), as well as activating the p38 MAPK signaling pathway. Moreover, the p38 MAPK inhibitor SB203580 prevented the repressive effects of fenofibrate on the melanin production, but GW6471 did not alter the melanin levels. These findings suggested that fenofibrate suppressed the melanogenesis through p38 MAPK signaling pathway, independently of PPARα [80] . But Grabacka et al. found that fenofibrate decreased metastatic potential of mouse (B16F10) and human (SkMell88) melanoma cells by down-regulating Akt phosphorylation. These effects were reversed by GW9662, suggesting that the anti-metastasis effects of fenofibrate on melanoma cells were also dependently of PPARα [81] .
In vivo evidence
In addition to human in vitro studies of the anti-cancer potential of fenofibrate, we also reviewed some investigations in animal models (Table 2) . At the 7 days after implantation, fenofibrate at 200 mg/kg was given daily via intragastric administration for 21 days.
Fenofibrate inhibited tumor growth, showing by reduced tumor sizes, weights, and ratios of tumor weight/body weight.
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Oral cancer
Cancers were induced in 6-week-old male C57BL/6JNarl mice with drinking water containing 200 μg/ml 4-NQO and 500 μg/ml arecoline hydrobromide for 8 weeks.
Mice received fenofibrate orally either at a low dose of 0.1% diet/mouse/day (about 200 mg/kg body weight/day) or at a high dose of 0.3% diet/mouse/day (about 500 mg/kg body weight/day) for the following 12 or 20 weeks after 4-NQO administration.
High-dose of fenofibrate suppressed the tumor incidence and reduced the multiplicity of tongue lesions after continuing administration for 20 weeks. However, low-dose of fenofibrate lacked anti-tumor activity. In addition, high dose of fenofibrate also decreased EGFR expression and immunoreactivity of COX2 in squamous cell carcinoma (SCC).
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2 groups of Mice were pre-treated with fenofibrate for 2 weeks in order to explore the preventive potential of fenofibrate on tumorigenesis. In addition, administration of fenofibrate from weeks 9, 13, 17, 21, or 25 to week 28 was performed to evaluate the therapeutic efficacy of fenofibrate on tumor progression.
Fenofibrate had preventive efficacy on tumorigenesis and prevented tumor progression, particularly at an early stage of tumor. The underlying mechanisms might include the suppression of mTOR activity through activation of AMPK and inactivation of Akt, mediated by TSC1/2-dependent and independent signaling pathways.
Melanoma
Tumor-bearing mice with B16-F10 cells were made in SCID mice.
Once tumors reached 100 mm 3 , fenofibrate at 200 mg/kg were administered daily by gavage for 20 days.
Fenofibrate inhibited B16-F10 tumor growth by 61%. 19
Lewis lung carcinoma
Tumor-bearing mice with LLC cells were made in SCID mice.
Once tumors reached 100 mm3, fenofibrate at 200 mg/kg were administered daily by gavage for 20 days.
Fenofibrate inhibited LLC tumor growth by 58%. 19
Glioblastoma Tumor-bearing mice with U87 cells were made in SCID mice.
Once tumors reached 100 mm3, fenofibrate at 200 mg/kg were administered daily by gavage for 24 days.
Fenofibrate inhibited U87 tumor growth by 72%. 19
Fibrosarcoma Tumor-bearing mice withHT1080 cells were made in SCID mice.
Once tumors reached 100 mm3, fenofibrate at 200 mg/kg were administered daily by gavage for 28 days.
Fenofibrate inhibited HT1080 tumor growth by 66%. 
Breast cancer
Li et al. injected MDA-MB-231 cells (2 × 10 6 ) into six-week-old female BALB/c nude mice to establish a tumor-bearing mouse model. Seven days after the injection, the researchers administered intragastrically 200 mg/kg of fenofibrate daily to the mice in treatment group or an equal volume of a vehicle (5% sodium carboxymethylcellulose) in the control group [20] . Fenofibrate considerably inhibited the growth of the tumors as evidenced by their sizes and weights, and the ratio of tumor weight/mice body weight. Meanwhile, fenofibrate induced approximately two-fold increase apoptotic cells, as detected by TUNEL assay. Furthermore, they also evaluated the safety of fenofibrate and found no statistical differences between the control and treatment groups in body weight, white blood cell count, and the levels of hemoglobin, platelets, alanine transaminase, aspartate aminotransferase, and blood urea nitrogen. These results confirmed that fenofibrate suppressed tumor growth and induced apoptosis in a xenograft mouse model with a good safety profile [20] .
Oral cancer
Chang et al. established an oral cancer mouse model induced by a 4-nitroquinoline 1-oxide (4-NQO)/arecoline administration for eight weeks, followed by treatment with fenofibrate (0.1% or 0.3%) for 12 or 20 weeks. The scientists found that the treatment with 0.3% fenofibrate suppressed the tumor incidence and tumor formation after continuing administration for 20 weeks. Moreover, the multiplicity of tongue lesions was reduced at the 28-week time point. However, in this study, the application of 0.1% fenofibrate did not show antitumor activity. Furthermore, the authors found that the incidence rate of tongue lesions in the pre-treated with fenofibrate mice was significantly lower than that in the 4-NQO/arecoline-only mice, and the incidence rate of tongue lesions was significantly lower after treatment of the mice with fenofibrate at an early stage of tumor development (week 9). Considering that the epidermal growth factor receptor (EGFR) was found to be the most frequently amplified and highly expressed gene in both human and mouse oral tumors [82] , and EGFR contributed to the elevated levels of cyclooxygenase-2 (COX-2) [83] , they examined the expression levels of EGFR and COX2 after the fenofibrate treatment. They found that the administration of 0.3% fenofibrate increased the EGFR expression levels in hyperplastic and dysplastic lesions, but decreased the expression of EGFR in squamous cell carcinoma (SCC). Meanwhile, the immunoreactivity of COX2 was elevated in the dysplasia lesions but was reduced in SCC lesions [21] . There were also other molecular mechanisms, including the suppression of mTOR activity through activation of AMPK and inactivation of Akt, which were mediated by TSC1/2-dependent signaling or through direct suppression of raptor, which is mediated by a TSC1/2-independent pathway [63] . Therefore, fenofibrate exhibited a high potential to prevent and inhibit the formation of SCC.
Other cancers
Tumor-bearing mice with B16-F10 melanoma, Lewis lung carcinoma (LLC), glioblastoma (U87), and fibrosarcoma (HT1080) tumor cells were made using C57BL/6 or SCID mice. Once the tumors reached 100 mm 3 , fenofibrate, combined with other PPARα ligands (bezafibrate and gemfibrozil) was administered by daily gavage for 20-28 days. In this examination, fenofibrate (200 mg/kg per day) was found to inhibit B16-F10, LLC, U87, and HT1080 tumor growth by 61%, 58%, 72%, and 66%, respectively, and had more potent anticancer effects than other fibrates, such as bezafibrate and gemfibrozil [19] .
Clinical case reports
Inflammatory hepatocellular adenomas (IHCA) account from 40% to 50% of all hepatic adenomas, and large HCA (more than 5 cm in diameter) are prone to bleeding and development of hepatocellular carcinoma. The risk factors for IHCA include prolonged use of oral contraceptives (OC), high alcohol consumption, overweight, and insulin resistance. The cardinal feature of IHCAs is the activation of the IL6/JAK/STAT pathway.
Poupon et al. reported a case of a 52-year-old woman presenting with severe multiple typical IHCA established by biochemistry and liver MRI, and confirmed by histology and immunohistochemistry of liver biopsy specimens taken from the tumor and non-tumoral tissue. She had been taking OC for about ten years until the discovery of the liver nodules in 2011. There were no major changes of the liver lesions in the following year (2012). She was exceedingly reluctant to invasive treatment (liver surgery) to prevent complications, so she received fenofibrate (400 mg/day). Six months later, the biochemistry parameters were quite normalized, and liver MRI showed a 50% reduction of the area of the three major lesions. Further evaluations in 2014 and 2015 confirmed the normalization of biochemistry as well as the major regression of the nodules. No side-effects related to fenofibrate treatment were observed. This is the first case report, but also the only one available so far, suggesting that fenofibrate might suppress the inflammation associated with IHCA and induce tumor regression in humans [84] . 
Possible mechanisms by which fenofibrate inhibits cancer
Based on the findings described above, we have learned that fenofibrate inhibited multiple cancers through induction of apoptosis, induction of cell-cycle arrest and inhibition of tumor invasion and migration (Fig. 3) . However, we are also aware that the mechanisms of anti-cancer property of fenofibrate are very complex via several pathways (see below).
First, fenofibrate, as a PPARα agonist, induced transcriptional activation of fatty acid β-oxidation machinery and switched energy metabolism from the glucose to fatty acid utilization, both resulting in decreased ATP levels and activated AMPK [85] . Fenofibrate inhibits the invasion and migration of human oral cancer CAL 27 cells through AMPK signaling [61] . Second, fenofibrate induced ROS accumulation, which might be also due to the elevated peroxisomal β-oxidation [38] . Fenofibrate induced apoptosis in neuroblastoma and inhibited prostate cancer metastasis by increasing intracellular ROS [56, 57, 72] . Third, fenofibrate was able to increase plasma membrane rigidity in a manner similar to elevated cholesterol content in cell membranes [86] , so we can speculate that fenofibrate may alter the membrane-bound growth factor receptors such as type 1 insulin-like growth factor receptor (IGF-IR) or EGFR, which has a close relationship with Akt and ERK. Fenofibrate induced apoptosis in liver cancer cells [39] , induced prostate cancer cells apoptosis and cell cycle arrest [54] , and inhibited metastasis in melanoma cells [81] , all which were mediated by decreasing Akt activity. In addition, fenofibrate reduced phosphorylation of ERK protein in lung cancer cells [64] . Fourth, FoxO family proteins could be regulated by many upstream signals, such as Akt, Erk and AMPK [87] , but the authors, who reported FOXO family proteins involved in the anti-proliferation effect of fenofibrate on glioblastoma cells [47, 48] , did not explored the underlying mechanisms. Last, fenofibrate had bidirectional modulatory effects on NF-κB activity in different cancers. For instance, fenofibrate activated NF-κB pathway in breast cancer by increasing the DNA binding of NF-κB through down-regulation of p-IκBα, which sequestered NF-κB protein in the cytoplasm [20] . But fenofibrate inhibited NF-κB pathway in lung cancer by decreasing the DNA binding of NF-κB, without increasing of IκBa protein. All these possibilities might be the result of direct interaction between fenofibrate and NF-kB [64] . The detailed mechanisms should be uncovered in the future.
Conclusion
Fenofibrate is an effective lipid-lowering agent, exerting its beneficial effects by increasing HDL levels and decreasing the levels of triglycerides and LDL cholesterol, that has been widely applied in clinic for the treatment of hyperlipidemia [21, [88] [89] [90] . Nevertheless, fenofibrate has many other therapeutic properties, including protection against retinopathy and nephropathy in diabetes, as well as myocardial protection, even in type 1 diabetes. Recently, a large number of studies have explored the anticancer activities of fenofibrate and the related pathways involved in apoptosis, cell-cycle arrest, invasion, and migration. The in vivo experimental results discussed herein confirm that fenofibrate exert positive effects against various tumor types, although only its application in high doses (200 mg/kg or 0.3%) inhibited the tumor growth. Therefore, we may regard fenofibrate as an adjuvant drug in cancer treatment, which can be used in combination with chemotherapy or targeted molecular drugs in future research.
